The extensive use of alkoxyamines in controlled radical polymerisation and polymer stabilisation is based on rapid cycling between the alkoxyamine (R1R2NO-R3) and a stable nitroxyl radical (R1R2NO•) via homolysis of the labile O-C bond. Competing homolysis of the alkoxyamine N-O bond has been predicted to occur for some substituents leading to production of aminyl and alkoxyl radicals. This intrinsic competition between the O-C and N-O bond homolysis processes has to this point been difficult to probe experimentally. Herein we examine the effect of local molecular structure on the competition between N-O and O-C bond cleavage in the gas phase by variable energy tandem mass spectrometry in a triple quadrupole mass spectrometer. A suite of cyclic alkoxyamines with remote carboxylic acid moieties (HOOC-R1R2NO-R3) were synthesised and subjected to negative ion electrospray ionisation to yield [M − H]− anions where the charge is remote from the alkoxyamine moiety. Collision-induced dissociation of these anions yield product ions resulting, almost exclusively, from homolysis of O-C and/or N-O bonds. The relative efficacy of N-O and O-C bond homolysis was examined for alkoxyamines incorporating different R3 substituents by varying the potential difference applied to the collision cell, and comparing dissociation thresholds of each product ion channel. For most R3 substituents, product ions from homolysis of the O-C bond are observed and product ions resulting from cleavage of the N-O bond are minor or absent. A limited number of examples were encountered however, where N-O homolysis is a competitive dissociation pathway because the O-C bond is stabilised by adjacent heteroatom(s) (e.g. R3 = CH2F). The dissociation threshold energies were compared for different alkoxyamine substituents (R3) and the relative ordering of these experimentally determined energies is shown to correlate with the bond dissociation free energies, calculated by ab initio methods. Understanding the structure-dependent relationship between these rival processes will assist in the design and selection of alkoxyamine motifs that selectively promote the desirable O-C homolysis pathway. homolysis is a competitive dissociation pathway because the O-C bond is stabilised by adjacent heteroatom(s) (e.g., R 3 = CH 2 F). The dissociation threshold energies were compared for different alkoxyamine substituents (R 3 ) and the relative ordering of these experimentally determined energies is shown to correlate with the bond dissociation free energies, calculated by ab initio methods.
The extensive use of alkoxyamines in controlled radical polymerisation and polymer stabilisation is based on rapid cycling between the alkoxyamine (R 1 R 2 NO-R 3 ) and a stable nitroxyl homolysis is a competitive dissociation pathway because the O-C bond is stabilised by adjacent heteroatom(s) (e.g., R 3 = CH 2 F). The dissociation threshold energies were compared for different alkoxyamine substituents (R 3 ) and the relative ordering of these experimentally determined energies is shown to correlate with the bond dissociation free energies, calculated by ab initio methods.
Introduction
Hindered amine light stabilisers (HALS) are anti-oxidant additives employed to improve the durability and lifetime of polymer surface coatings in outdoor applications. [1, 2] Even at low concentrations, inclusion of HALS improves gloss and colour retention in pigmented coatings and provides a superior aesthetic for the lifetime of the product. Despite the clear advantages offered by their usage, the exact role of HALS in stabilising polymer coatings remains an active topic of discussion. [3] [4] [5] [6] [7] [8] [9] [10] [11] Contemporary mechanisms for this anti-oxidant action invoke cycling of the amine functional group of the HALS between the alkoxyamine (R 1 R 2 NO-R 3 ), nitroxyl radical (R 1 R 2 NO • , variously referred to as 'nitroxide' or 'aminoxyl'), and aminyl radical (R 1 R 2 N • ) forms (Scheme 1a). [12] The stable nitroxyl radical scavenges deleterious polymer chain-based macroradicals (R 3• ), which otherwise accelerate polymer degradation through chain scission. The combination product is an alkoxyamine containing the polymer fragment bonded directly to the nitroxide. Advantageously, nitroxyl radicals are subsequently regenerated from these alkoxyamines, and by-products of the reformation step are relatively inert. While direct cleavage of the O-C and N-O bonds directly connects the alkoxyamine with both the nitroxyl and aminyl radicals, under typical service conditions homolysis pathways are not energetically competitive with an alternative mechanism that involves a β-hydrogen elimination step and connects these intermediates within the catalytic cycle. [12] [13] [14] Nevertheless, the impact of the R 3 -substituent, which varies widely depending on the polymer substrate and breakdown mechanism, on the relative energetics of the O-C and N-O bonds remains of considerable interest. [15] Scheme 1: (a) Polymer stabilisation activity of HALS by regenerative cycling of nitroxyl radicals, as described by contemporary computational cycle involving β-hydrogen abstraction from an alkoxyamine and an aminyl radical intermediate; [12] (b) Simplified mechanism of nitroxide mediated polymerisation, highlighting reversible oxygen-carbon bond formation and homolysis (k comb , k diss , and k p represent the rates of combination, dissociation, and propagation, respectively).
Alkoxyamines are similarly central to the mechanism of nitroxide-mediated polymerisation (Scheme 1b), a technique that produces materials with low polydispersity and controlled molecular weight. [16, 17] However, the success of nitroxide-mediated polymerisation depends on control over the reversibility and rates of alkoxyamine formation and dissociation, as well as suppressing the significance of side-reactions, such as disproportionation. These factors in turn are dependent on the structure of both the nitroxide and the monomer. [18, 19] Driven by the importance of reversible O-C bond homolysis to both polymer synthesis and stabilisation, the molecular structural factors governing such a step in alkoxyamines are well characterised. [20] [21] [22] [23] [24] [25] [26] [27] [28] Conversely, less attention has been paid to the unwanted corresponding N-O cleavage, which would result in the formation of highly reactive aminyl and alkoxyl radicals. Homolysis of the N-O bond in alkoxyamines is promoted when either or both of the resulting radicals are stabilised. For example, N-O bond homolysis is observed during degradation of indoline-based nitroxides, whereby the homolysis product is an aryl aminyl radical, [29] [30] [31] and in thermolysis of alkoxyamines with aryl or acyl O-ether substituents. [32] [33] [34] [35] In a theoretical study of the competitive bond cleavage processes, [36] Tordo et al.
demonstrated that, whilst semi-empirical computational methods reliably predict relative trends in the O-C bond dissociation energies (BDEs) of a series of alkoxyamines, [14] higher level density functional methods are required to adequately describe the competition between the O-C and N-O cleavage processes. A more recent comprehensive theoretical study, [15] using benchmarked highlevel ab initio methods, established that certain alkoxyamine functionalities (i.e., R 3 in Scheme 1)
promote N-O homolysis over O-C homolysis due to anomeric stabilisation of the O-C bond. [37] Gigmes and co-workers have suggested that "there may be a competition between (N)O-C and N-O(C) bond cleavage. The possibility and the extent of bond cleavage depend on the nature of the R 3 alkyl moiety bound to the O-atom of the nitroxide function." [29] Testing this hypothesis experimentally for the intrinsic dissociation of alkoxyamines in the gas phase is the central aim of this work.
Tandem mass spectrometry is a well-established approach to investigate competing mechanisms of dissociation in gas-phase ions. If the charged moiety is largely fixed within the molecular scaffold and is isolated from the labile functional groups, then it is possible to observe charge-remote dissociation, which may be closely related to thermolysis of analogous neutral species. [38] [39] [40] It has previously been demonstrated that alkoxyamines undergo charge-remote homolysis of the O-C bond. [41] [42] [43] For example, Oh et al. derivatized small peptides with alkoxyamines [44] [45] [46] and subjected these to electrospray ionisation (ESI) to form ions with the charge sites localised to amino acid residues and thus remote from the alkoxyamine. Subsequent collisioninduced dissociation (CID) of these ions resulted in almost exclusive O-C bond homolysis, generating an alkyl radical which initiated further fragmentation of the peptide ion. However, depending on the nature and proximity of the charge to the alkoxyamine moiety, bond homolysis is not always selectively observed, and ions resulting from charge-directed fragmentation may also be present. [47, 48] Building on this understanding we have developed a molecular scaffold incorporating an alkoxyamine functional group carrying a wide range of R 3 -subsituents and a remote negative charge to experimentally investigate competition between charge-remote O-C and N-O homolysis during low-energy CID. Further experimental and computational approaches verify the structuredependent energetics of the competing N-O and O-C homolysis processes, and highlight the local structural requirements for N-O homolysis in alkoxyamines.
Material and methods

Materials
Nitroxyl radicals 4-carboxy-2,2,6,6-tetramethylpiperidine-1-oxyl (4-carboxy-TEMPO, 1) and 3-carboxy-2,2,5,5-tetramethylpyrrolidine-1-oxyl (3-carboxy-PROXYL, 2) were purchased from Sigma Aldrich (Sydney, Australia), and used without further purification. Hydrogen peroxide (Australian Chemical Reagents, Queensland, Australia) was used as a 40% (w/w) aqueous solution.
Perdeuterated (D 6 )-acetone was purchased from Cambridge Isotope Laboratories (Andover, MA, USA). Methanol employed for mass spectrometry was HPLC grade (Thermo Fisher Scientific, Melbourne, Australia) and used as received. All other materials for synthesis were purchased from Sigma Aldrich, and used as received.
Synthesis
Synthesis of alkoxyamines from nitroxide precursors and various alkyl radical sources has been widely documented. [49] [50] [51] [52] [53] [54] Alkoxyamines (with the exception of 1c and 1e) were prepared according to the method of Schoening et al., [55, 56] whereby alkyl radicals are generated in situ from a ketone or aldehyde, copper (I) chloride, and hydrogen peroxide. In the presence of the nitroxide, nascent radicals are readily trapped, forming the desired alkoxyamines, listed in Scheme 2. This method was chosen for its simplicity, ready availability of reagents, and wide array of possible functionalities, with the exception of benzaldehydes, which do not generate phenyl radicals under these conditions. 1c was prepared by substituting TEMPO for 4-carboxy-TEMPO (1) in a literature method, refluxing overnight in cyclohexene. [57, 58] Preparation of 1e was also based on adaptation of an existing method, refluxing 4-carboxy-TEMPO (1) and the radical initiator 1,1'-azobis(cyclohexanecarbonitrile) for 30 hours in methanol. [59] 4-N,N,N,-trimethylamino-TEMPO was prepared as the iodide salt according to the method of Strehmel et al. [60] Characterisation of all products by high-resolution mass spectrometry is provided as Supporting Information (Table S1 ).
Scheme 2: Alkoxyamines (1x) and (2x) examined in this study, based on 4-carboxy-TEMPO (1) and 3-carboxy-PROXYL (2) , where x is any R 3 group (a-i).
Mass spectrometry
Negative ion mass spectra were recorded with a QuattroMicro (Waters, Manchester, U.K.)
triple quadrupole mass spectrometer equipped with an ESI source and controlled by Micromass MassLynx software (version 4.1). Alkoxyamines (Scheme 2) were diluted to ca. 5 µM in methanol, and infused directly into the ESI source at 5 µL min -1 . The capillary voltage was set to 3.0 kV, cone voltage 25 V, and source temperature 80 °C. Nitrogen was used as the drying gas, at a temperature of 110 °C, and flow rate of 320 L h -1 . In all collision induced dissociation (CID) scans, ions of interest were selected in Q1, subjected to collisions with argon gas in Q2 at a pressure of 3.0 ± 0.1 mTorr, and the collision energy in the laboratory frame (E lab ) was varied from 2-25 eV. For product ion structural validation, MS n spectra were recorded on an LTQ 2-dimensional linear ion trap mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA), and high-resolution MS and MS/MS spectra were acquired on a Waters Xevo G1 Q-ToF mass spectrometer.
Breakdown curves are obtained by plotting the normalised intensity of the product ion(s) of interest against the collision energy in the centre-of-mass frame (E cm ), where E cm is equal to E lab multiplied by the reduced mass of the colliding ion and neutral argon gas. Empirically, threshold behaviour was analysed by using a least-squares fitting criterion to fit sigmoid functions to the data, of the type shown in Equation 1. [61, 62] 
In Equation 1, BR i is the branching ratio of the product ion of interest (i), E 1/2,i is the energy at which the function has reached half of its maximum value, and the parameter b i describes the steepness of the sigmoid curve. Furthermore, we define "dissociation threshold" as the energy at which the product ion abundance is equal to 5% of the total ion intensity (i.e., I i = 0.05). As we are comparing fragmentation onsets and not quantitatively deriving energetic thresholds, we find that using the appearance energy definition of Schrӧder et al., [61, 62] (i.e., using a linear extrapolation of the sigmoid curve at E 1/2 to the x-axis) does not significantly improve the quality of the data fit or the correlation with calculated thermodynamic quantities.
Computational procedures
Standard ab initio molecular orbital theory and density functional theory calculations were carried out using Gaussian 09 [63] and MOLPRO 2012.1. [64] Calculations were performed at a high level of theory, recently demonstrated to predict gas-and solution-phase bond dissociation energies and associated equilibrium constants to within chemical accuracy. [15, 65] Geometries of all species
were fully optimised at the M06-2X/6-31+G(d) level of theory. For all species, full systematic conformational searches (at a resolution of 60 o ) were carried out to ensure global, and not merely local, minima were located. Frequencies were calculated at this level and scaled by recommended scale factors. [66] Improved energies for all species were calculated using a double layer ONIOMtype method. The core layer (including both the nitroxyl and carboxylic acid moieties) was calculated using composite high-level G3(MP2,CC)(+) level of theory, [67] where (+) denotes inclusion of diffuse functions in a standard 6-31G(d) basis set. The full system was calculated with the M06-2X/6-31+G(d) method. This methodology has been shown to accurately predict the gasphase energetics of nitroxyl and other free radical reactions. [65, 68] Entropies and thermal corrections at 25, 80, and 110 °C were calculated using standard formulae for the statistical thermodynamics of an ideal gas under the harmonic oscillator approximation in conjunction with the optimised geometries and scaled frequencies.
[69]
Results and discussion
Alkoxyamines are readily detected as protonated or alkali metal adduct ions by electrospray ionisation (ESI), [48] matrix assisted laser desorption ionisation (MALDI), [70, 71] liquid extraction surface analysis (LESA), [72] or desorption electrospray ionisation (DESI). [73] However, in the absence of another basic moiety, protonation of an alkoxyamine nitrogen raises the O-C BDE by over 100 kJ mol -1 . [74] Charge-driven dissociation mechanisms dominate upon CID of [M + H] + or
[M + Na] + alkoxyamine ions, leading to predictable and readily assignable products in the resulting spectra, [41, 48] but no information is ascertained concerning the relative energies of the N-O and O-C bonds. Our first attempts to produce charge-remote alkoxyamines were based on 4-N,N,Ntrimethylamino-TEMPO, in order to sequester the charge on the piperidine fragment and promote homolysis. However, the CID spectra of such alkoxyamines (Supporting Information, Figure S1 ) feature predominantly protonated O-alkyl acetone oxime fragment ions, and [M -59] + ions corresponding to loss of trimethylamine. The former dissociation is consistent with previous reports on the charge-directed dissociation of substituted piperidines. [72] In the absence of the desired charge-remote dissociation of the alkoxyamine moiety, an alternative strategy was sought. Only limited examples in the literature describe the tandem mass spectrometric analysis of alkoxyamines upon negative ion electrospray ionisation. [46] Commercially available nitroxides 4-carboxy-TEMPO
(1) and 3-carboxy-PROXYL (2) were found to be suitable scaffolds for producing [M -H] -anions for the suite of TEMPO-based alkoxyamines designated 1a-i and the PROXYL-series 2a, 2b and 2h (Scheme 2).
Dissociation of Methoxyamines
Methanolic solutions of alkoxyamines displayed in Scheme 2 exhibit abundant [M -H] -ions upon negative ion ESI. These anions were isolated and subjected to CID in a triple quadrupole mass spectrometer using argon as the collision gas. Comparative CID spectra of methoxyamines 1a
and 2a are displayed in Figure 1 (a) and 1(b), respectively. The most abundant product ion in each example represents a loss of 15 Da from the precursor ion and is assigned to the neutral loss of a methyl radical ( • CH 3 ); a deviation from the 'even-electron rule'. [75, 76] At high collision energies (E lab > 20 eV), additional low mass ions are observed in the CID spectra of both alkoxyamines 1a and 2a (Supporting Information, Figure S2 ). Putative structures for these ions are provided as Supporting Information (Scheme S1 and Table S2 ). Importantly, the presence of these ions in the CID spectra of the authentic nitroxides 1 (e.g. m/z 122, Figure 2a ) and 2 (e.g. m/z 108, Figure 2b ) implies that they are secondary dissociation products upon O-C homolysis of alkoxyamines. As secondary product ions, the abundance of these species may be included when considering the total population of ions arising from O-C homolysis at high collision energies.
In Figure 1 , product ions at m/z 199 and 184 upon collisional activation of 1a (and 
Effect of O-Ether Functionality (R 3 )
Product ions attributed to either N-O or O-C homolysis, as summarised in Scheme 3, do not contain the original O-ether fragment (R 3 ). CID spectra of additional TEMPO-based alkoxyamines 1b-1i, each with a different R 3 functionality, were also examined (Table 1) . In each case, the same product ions were observed as for 1a, with the spectra only differing in peak intensities. For example, the CID spectra of 1b, 1g, 1h, and 1i (Figure 3) all show features at m/z 168, 183, 184 and 199 identical to those of 1a (Figure 1a) . In a similar way, most of the product ions observed for the methoxyamine 2a (Figure 1b ) are also observed in the CID mass spectra of the PROXYL-based alkoxyamines 2b and 2h (Table 1) . Significantly, the major product ions arising from dissociation of both series of alkoxyamines do not contain the R 3 substituent (full suite of MS/MS spectra are provided as Supporting Information, Figure S3 ). Product ions not assigned to either N-O or O-C homolysis are observed in the CID spectra of 1h (Figure 3c) , 2h, and particularly 1i (Figure 3d ) to an extent not observed in other substrates.
These ions may arise from even-electron dissociation of the precursor ion that is competitive with homolysis when the latter is energetically cumbersome. We speculate that the abundance of N-O homolysis product ions (m/z 168 and 183, Figure 3d ) are inflated by a competing charge-remote ciselimination [77] of acetic acid that forms a vinyl-substituted alkoxyamine at m/z 226 (R 1 R 2 NOCH=CH 2 ), which then undergoes further dissociation via N-O homolysis. When this ion is isolated within the linear ion trap and subjected to further collisional activation in an MS Based on the product characterisation conducted for 1a, the product ion at m/z 199 in all spectra in Figure 3 is assigned as 4-carboxy-TEMPO (1), arising from homolysis of the oxygencarbon bond, and loss of a carbon-centred radical. More generally, homolysis of the oxygen-carbon bond is a major fragmentation process in the CID of charge-remote alkoxyamines, with a particularly high efficacy in substrates that produce a stabilised alkyl radical (e.g., a benzyl radical from 1b and 2b, an allyl radical from 1c, or an α-carbonyl radical from 1d, 1e). These results are consistent with the observation of selective O-C bond homolysis upon collisional activation of peptide ions modified with a TEMPO-CH 2 Ph linkage, [44] structurally similar to 1b. Conversely, homolysis of the oxygen-carbon bond is suppressed in 1h and 2h, due to anomeric stabilisation of the bond by hyper-conjugation from the adjacent heteroatom, [21, 37] and thus ions resulting from N-O homolysis are observed in high abundance from these precursors.
Dissociation Thresholds of Alkoxyamine Ions
The data set presented in Table 1 The relative dissociation thresholds are rationalised by comparing the calculated free energies of the two bonds. Our results computed at 298 K are given in Figure 5 below, while Table   S3 in the Supporting Information demonstrates that the qualitative trends in these bond dissociation free energies are largely independent of temperature. In neutral alkoxyamines, O-C homolysis is preferential to N-O homolysis for all R 3 except 1h, 2h and 1i due to anomeric stabilisation of the O-C bond in these three species. The preference for direct O-C cleavage is minimal for those R 3 units that produce relatively non-stabilised carbon-centred radicals upon homolysis, e.g.,
• CH 3 and t Bu • as in 1a, 1f and 2a. However, the most striking feature of Figure 5 is the effect of deprotonation on these bond homolysis energetics. There is generally no appreciable difference in the N-O bond energetics between neutral and anionic alkoxyamines; however, O-C bonds are significantly weakened toward homolytic cleavage by deprotonation of the remote carboxylic acid moiety. This is due to a combination of two factors: (i) conventional polar effect of the negative charge Coulombic stabilisation of nitroxyl radicals by remote negative charges arising from their enhanced polarisability. [65, 68] Based on these arguments, we predict that inverting the charge polarity would strengthen the O-C bond due to these polar effects. Relocating the charge site onto the opposite side of the O-C bond (as in TEMPO-mediated peptide sequencing) would minimise the latter stabilisation contribution due to the lower alkyl radical polarisability relative to a nitroxyl radical. [68] Moreover, with respect to polar resonance contributors, a negative charge on the R 3 substituent
would be expected to raise the O-C bond energy whereas a positive charge would decrease the bond energy. [46, 68] The thermodynamic preference (ΔΔG 298 ) for O-C cleavage in deprotonated alkoxyamines in the present investigation is further enhanced by up to 20 kJ mol -1 compared to their neutral counterparts. This observation is true for all R 3 moieties studied herein, and thus trends in the effect of the R 3 moiety are representative of the trends in neutral species. indicates a significant kinetic shift, [78, 79] which is the excess energy required to produce detectable dissociation of an ion within the experimental timeframe, and scales with increasing vibrational degrees of freedom. That is, the observed dissociation threshold is only an upper limit to the true thermochemical value. Moreover, when N-O homolysis is energetically competitive with O-C homolysis, a competitive shift may inhibit formation of higher-energy products, and as such are detected only at energies above the actual thresholds. [80] In these experiments, conducted on a commercial triple quadrupole mass spectrometer, the initial energy distribution and the kinetic energy of the ion population is not adequately controlled. This stands in contrast to guided ion beam mass spectrometry, wherein these parameters are precisely controlled and thus the resulting data can be used to derive accurate thermochemical quantities. [81, 82] Despite these limitations, for the aims of the current work, the experimentally derived dissociation thresholds have provided an excellent means to explore relative trends in bond energies and to test computational predictions. . [65, 68] However, the effect is consistent across the range of scaffolds studied, and thus the observed structural trends are also representative of neutral alkoxyamines.
Conclusions
In controlled radical polymerisation and polymer stabilisation, the O-ether substituent (R 3 ) is dependent on the radicals produced by the growing or degrading polymer substrate. For example, benzyloxyamines (1b and 2b) are models for the alkoxyamines derived from polystyrenes, whereas carbonyl-containing substrates (1c and 1i) represent the capture of model polyester-derived radicals.
It is clear from the presented data that direct N-O homolysis is typically not competitive with the prevailing O-C homolysis. Only in the presence of an adjacent heteroatom would N-O homolysis be expected to dominate. Therefore, aminyl radicals and secondary amines observed in the degradation of alkoxyamines at normal service temperatures (up to 80 o C) are likely not formed directly from N-O bond homolysis, but by alternative processes, such as those outlined in Scheme 1(a). [12, 13] 
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